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Solid‐state NMR is a spectroscopic technique that can be applied to investigate the structure and dynamics of insoluble proteins, including amyloid fibrils,[1](#anie201706060-bib-0001){ref-type="ref"}, [2](#anie201706060-bib-0002){ref-type="ref"} functional supramolecular assemblies,[3](#anie201706060-bib-0003){ref-type="ref"}, [4](#anie201706060-bib-0004){ref-type="ref"} and membrane‐integrated proteins,[5](#anie201706060-bib-0005){ref-type="ref"} at atomic resolution.[6](#anie201706060-bib-0006){ref-type="ref"}, [7](#anie201706060-bib-0007){ref-type="ref"}, [8](#anie201706060-bib-0008){ref-type="ref"} In contrast to other methods, solid‐state NMR does not require long‐range order and can operate with proteins under in vivo conditions, for instance membrane proteins can be studied in lipid bilayers[9](#anie201706060-bib-0009){ref-type="ref"}, [10](#anie201706060-bib-0010){ref-type="ref"} or in nanodiscs.[11](#anie201706060-bib-0011){ref-type="ref"} In contrast to solution NMR, solid‐state NMR is not limited by the size of the protein since solid‐state NMR linewidths under magic‐angle spinning (MAS) conditions do not depend on molecular tumbling in solution, which decreases with increasing protein size. However, due to the inherently large linewidths in solid‐state NMR and the resulting spectral crowding, studies of fully‐labeled large proteins (\>150 residues) have remained a challenge to date.

Phages are viruses that infect bacteria. Since their discovery, they have attracted interest as tools for combating pathogenic bacteria in clinical treatments. Increasing antibiotic resistance and a lack of new antibiotics in the pipeline makes it imperative to search for alternatives.[12](#anie201706060-bib-0012){ref-type="ref"} Phage therapy exploits the high specificity of phages towards their bacterial hosts while remaining harmless to the symbiotic gut flora. It is currently being used in Russia, Georgia, and Poland, for example, for treating methicillin‐resistant *Staphylococcus aureus* (MRSA).[13](#anie201706060-bib-0013){ref-type="ref"} To further develop this therapy, the mechanisms of attachment to the host cell, infection, and replication need to be understood on an atomic level.

gp17.1 is the major tail protein of the bacteriophage SPP1. Polymerized gp17.1 monomers form a hollow tube that connects the capsid with the phage tail tip (Figure [1](#anie201706060-fig-0001){ref-type="fig"} B). The phage tail is required for DNA release into the host cell.[14](#anie201706060-bib-0014){ref-type="ref"}, [15](#anie201706060-bib-0015){ref-type="ref"}

![The tail‐tube protein gp17.1 of bacteriophage SPP1. A) A negative‐stain electron micrograph of purified gp17.1 after three weeks of polymerization, with tobacco mosaic virus (TMV) reference particles for comparison. The tail‐tube periodicity was measured to be around 40 Å using the program PCMass. B) Schematic organization of the bacteriophage SPP1. The tail tube (turquoise), consisting of polymerized gp17.1 monomers, connects the icosahedral capsid containing the double‐stranded DNA to the remote tip complex at the distal end of the tail. The expanded region illustrates the structural organization of the hollow tube. Hexameric rings are stacked on top of each other and rotated relative to each other by 21°.[15](#anie201706060-bib-0015){ref-type="ref"}](ANIE-56-9497-g001){#anie201706060-fig-0001}

A preliminary analysis of gp17.1 by solid‐state NMR showed that the β‐sheet content increases upon polymerization of the monomeric subunit.[15](#anie201706060-bib-0015){ref-type="ref"} Due to the large size of gp17.1 (177 residues) and the previous restriction of solid‐state NMR to ^13^C‐detected methods, a full chemical‐shift assignment could not be obtained. Therefore, we set out to study gp17.1 by high‐dimensional ^1^H‐detected solid‐state NMR.

MAS at more than or equal to 40 kHz and dilution of the proton network by deuteration of proteins (protons present only at all labile sites/100 % back‐exchanged) allows the collection of well‐resolved ^1^H‐detected solid‐state NMR spectra. ^1^H‐detection expands the classic ^13^C‐detected experiments with an extra dimension and conveys eight‐fold enhanced sensitivity due to the four‐fold higher gyromagnetic ratio of protons. However, the enhancement also depends on other parameters, such as the active volume of the rotor, MAS rates, and decoupling efficiencies. Recently, we proposed a protocol consisting of a set of five 3D ^1^H‐detected correlation experiments to fully assign protein backbone resonances. The protocol is based on earlier work by several groups[16](#anie201706060-bib-0016){ref-type="ref"}, [17](#anie201706060-bib-0017){ref-type="ref"}, [18](#anie201706060-bib-0018){ref-type="ref"}, [19](#anie201706060-bib-0019){ref-type="ref"} and consists of 3D (H)CANH, (H)COCA(N)H, and (H)CBCA(N)H experiments to correlate intraresidual HN, N, Cα, CO, and Cβ resonances (residue *i*), and 3D (H)CONH and (H)CACO(N)H experiments to correlate those resonances with the Cα and CO resonances of the previous residue (*i*‐1).[20](#anie201706060-bib-0020){ref-type="ref"}

Prior to this, four‐dimensional (4D) "out‐and‐back" type (H)CACONH and (H)COCANH experiments had been developed by our group and successfully applied to 20 % proton back‐exchanged type III secretion needles.[21](#anie201706060-bib-0021){ref-type="ref"} In an adapted version more suitable for deuterated, 100 % back‐exchanged, or fully protonated samples (i.e. non "out‐and‐back"), these 4D experiments were recently applied in the successful analysis of fully protonated Tau‐paired helical filaments.[22](#anie201706060-bib-0022){ref-type="ref"}, [23](#anie201706060-bib-0023){ref-type="ref"} Due to the high number of points in the indirect dimensions, 4D experiments are recorded in a non‐uniformly sampled fashion by omitting points in the indirect dimensions.[24](#anie201706060-bib-0024){ref-type="ref"} Using this method increases sensitivity, which facilitates working with signals of a wide dynamic range and/or weak through‐space cross‐peaks.[25](#anie201706060-bib-0025){ref-type="ref"}, [26](#anie201706060-bib-0026){ref-type="ref"} Missing spectral points have to be reconstructed by methods such as maximum entropy,[27](#anie201706060-bib-0027){ref-type="ref"} multi‐dimensional decomposition,[28](#anie201706060-bib-0028){ref-type="ref"} or compressed sensing.[29](#anie201706060-bib-0029){ref-type="ref"} However, reconstruction methods are known to introduce spectral artifacts that appear as non‐genuine peaks. These can interfere with the detection of low‐intensity genuine peaks.[30](#anie201706060-bib-0030){ref-type="ref"} We note that in assignment experiments with magnetization transfer in a defined direction (e.g. (H)→CA→CO→N→H), only one strong peak of interest for each residue is expected, which helps to differentiate between real peaks and artifacts. This situation is easier to resolve than in the case of 4D spectra designed for the detection of distance restraints, for instance between NH pairs, where a large number of cross peaks for each NH pair may be expected.[31](#anie201706060-bib-0031){ref-type="ref"}, [32](#anie201706060-bib-0032){ref-type="ref"} Nevertheless, it is particularly important to be able to reliably distinguish artifact peaks appearing in reconstructed 4D spectra from real peaks.

Here, we complement the 4D (H)CACONH and (H)COCANH spectra by the addition of a 4D (H)CBCANH spectrum. Additionally, in our new assignment approach, two uniformly sampled 3D spectra are recorded. The particular combination of these five experiments allows easy handling of the data during analysis: The 3D spectra are used to navigate in the 4D space and to separate genuine peaks from artifacts in the reconstructed 4D spectra by limiting the number of unknown dimensions to one (See Figure S1 in the Supporting Information, which shows an exceptional example of a low signal‐to‐noise genuine peak among artifacts). As a proof‐of‐principle, we report the full assignment of all observed peaks of the 20 kDa major phage tail protein gp17.1 using a total NMR experimental time of only two and a half weeks.

For this purpose, the major tail protein gp17.1 was recombinantly overexpressed in *E. coli* in a fully deuterated medium containing ^13^C,D~7~‐glucose and ^15^ND~4~Cl as the sole carbon and nitrogen sources (see detailed experimental methods in the Supporting Information). After 3 weeks of polymerization, the tail tubes were pelleted by ultracentrifugation and transferred into a 1.9 mm solid‐state NMR rotor for analysis. Negative‐stain electron microscopy (EM) analysis of the sample reveals an organization consistent with previous experiments:[14](#anie201706060-bib-0014){ref-type="ref"} Rings with a thickness of around 40 Å are stacked on top of each other to form the hollow tail tube (Figure [1](#anie201706060-fig-0001){ref-type="fig"} A). Our recombinant tubes are thus indistinguishable by EM from native tubes in the context of fully assembled phages.[15](#anie201706060-bib-0015){ref-type="ref"}

Solid‐state NMR experiments were conducted at 40 kHz MAS in a 1.9 mm rotor at an external magnetic field strength of 900 MHz. Figure [2](#anie201706060-fig-0002){ref-type="fig"} shows the "fingerprint" 2D (H)NH spectrum with indicated linewidths for an isolated resonance. Although the spectral quality is good, spectral crowding occurs due to the high number of residues (177 without the His‐tag, which cannot be observed in the cross‐polarization‐based experiment). Attempts to assign this protein with the strategy described in Fricke et al.[20](#anie201706060-bib-0020){ref-type="ref"} using a set of five 3D experiments were unsuccessful, since a large number of peaks (≈40 %) could not be unambiguously assigned using this method. Therefore, this approach was abandoned in favor of the method described in this paper.

![2D (H)NH solid‐state NMR correlation spectrum of gp17.1 tubes at 40 kHz MAS and 900 MHz external magnetic field strength. The linewidths of the assigned Gly23 residue correspond to data processed with a squared sine window function with a shift of 45°. Linewidths obtained without window functions are similar: 0.079 ppm for ^1^H and 0.49 ppm for ^15^N.](ANIE-56-9497-g002){#anie201706060-fig-0002}

This new assignment strategy is based on the acquisition of two 3D and three 4D correlation spectra. Figure [3](#anie201706060-fig-0003){ref-type="fig"} illustrates the benefit of 4D NMR experiments: The spectral crowding in 2D (H)CB(CAN)H and even in 3D (H)CB(CA)NH spectra makes analysis very cumbersome and sometimes impossible. In contrast, the 4D (H)CBCANH spectrum allows fast and unambiguous assignment and can be recorded in nearly the same time as the 3D version provided that a non‐uniform sampling approach is followed.

![Comparison of (H)CBCANH experiments with different dimensionalities (2D, 3D, and 4D). Increasing dimensionality reduces the spectral crowding in the 2D spectral planes (for the 3D and 4D: projected from the 4D data set) but at the same time exponentially prolongs the experimental time if uniform sampling is used. The non‐uniform sampling approach overcomes the 4D barrier through the acquisition of only 2 % of the data points that are required in the traditional approach. Negative peaks in the 2D spectrum result from glycine residues that lack a Cβ atom.](ANIE-56-9497-g003){#anie201706060-fig-0003}

As shown in Figure [4](#anie201706060-fig-0004){ref-type="fig"}, the 3D (H)CANH and (H)CONH spectra are the basis for the 4D assignment approach. These spectra were uniformly acquired as described in the Supporting Information. They are used to filter the 4D (H)COCANH, (H)CACONH, and (H)CBCANH spectra for genuine peaks to determine the chemical‐shift assignment of residues *i* and *i*−1. Poisson‐gap sampled schedules for the indirect dimensions of the non‐uniformly sampled experiments were generated by using the hmsIST software.[33](#anie201706060-bib-0033){ref-type="ref"} The number of points was calculated according to the required spectral widths and chosen acquisition times (6.9 ms for ^13^CO, 5.2 ms for ^13^Cα, 10.7 ms for ^15^N and 4.4 ms for ^13^Cβ were selected). All schedules were created with a sinusoidal weight of 2. (H)COCANH and (H)CACONH were sampled with a density of 10 % and (H)CBCANH with only 2 %. The collected FIDs were processed in the direct dimension with nmrPipe,[34](#anie201706060-bib-0034){ref-type="ref"} and missing spectral points were reconstructed with the hmsIST software package[35](#anie201706060-bib-0035){ref-type="ref"} (See the Supporting Information for details: Figures S2--S4, Tables S1--S5, and Pulse program S1).

![Assignment procedure based on two 3D and three non**‐**uniformly sampled 4D correlation spectra. 3D (H)CANH and (H)CONH spectra serve as starting points in the procedure. In the 3D (H)CANH spectrum, the NH pair of Ala78 is correlated with its intraresidual ^13^Cα resonance (red). Navigating to the determined ^1^H, ^15^N and ^13^Cα resonances in the 4D (H)COCANH spectrum yields the intraresidual ^13^CO resonance (green). Navigating to the same resonances in the 4D (H)CBCANH spectrum yields the ^13^Cβ chemical shift (blue). Note that the ^13^Cα and ^13^Cβ chemical shifts in combination are characteristic of an alanine residue. In the 3D (H)CONH spectrum, the same NH pair is correlated with the ^13^CO chemical shift of the preceding Lys77 residue (purple). The detected ^1^H, ^15^N and ^13^CO chemical shifts are used in the 4D (H)CACONH spectrum to identify the ^13^Cα chemical shift of the preceding Lys77 residue (orange). The knowledge of intraresidual chemical shifts (i.e., ^1^H, ^15^N, ^13^Cα, ^13^CO, ^13^Cβ of residue *i*) and those of the preceding residue (i.e., ^13^Cα, ^13^CO of residue *i*−1) allows the connection of sequential amino acids along the whole chain, in a procedure known as the **"**backbone walk**"**.](ANIE-56-9497-g004){#anie201706060-fig-0004}

In the 3D (H)CANH spectrum, the Cα~*i*~ resonance belonging to a specific N~*i*~H~*i*~ pair is determined. These three resonances are used in the 4D (H)COCANH and (H)CBCANH spectra to determine CO~*i*~ and Cβ~*i*~ resonances, respectively. In the 3D (H)CONH spectrum, the CO~*i*−1~ resonance for the same N~*i*~H~*i*~ pair is found. Navigating to these resonances in the 4D (H)CACONH spectrum yields the Cα~*i*−1~ resonance. By this procedure Cα~*i*~, CO~*i*~, Cβ~*i*~, and CO~*i*−1~, Cα~*i*−1~ for a given N~*i*~H~*i*~ pair can be determined. Using this procedure, the resonances of two consecutive residues (*i* and *i*−1) are unambiguously connected, assuming that they do not overlap. Subsequently, all residues in the protein are linked in an iterative manner, a procedure known as the "backbone walk". For validation purposes, we have cross‐checked the identified sequential NH pairs by means of a 3D (H)N(CACO)NH spectrum.[36](#anie201706060-bib-0036){ref-type="ref"}

The application of this method to gp17.1 allowed extensive backbone resonance assignment (91 %) as listed in the Supporting Information. Including multiple conformations, 190 residues could be assigned (Figure S5 and Table S6). The secondary structure was predicted from the assigned chemical shifts using TalosN[37](#anie201706060-bib-0037){ref-type="ref"} and is presented in Figure [5](#anie201706060-fig-0005){ref-type="fig"}. The secondary‐structure elements are mapped onto a homology model from previous work, where solution NMR studies of monomeric gp17.1 were conducted and a homology model of the assembled tail tube was proposed.[15](#anie201706060-bib-0015){ref-type="ref"} In monomeric gp17.1, only parts of the β‐strands, namely β3.2, β5.2, and β6.1, were identified by solution NMR. Signals corresponding to β1, β4, and β5.1 were not observed, probably owing to conformational exchange. Assignment of the remaining residues showed that they have random coil conformation in solution.

![Secondary‐structure analysis of polymerized gp17.1 tail‐tube protein. A) TalosN secondary structure prediction. Gray letters represent unassigned residues. Blue bars represent the probability of β‐sheet structure (arrows), red bars the probability of α‐helical structure (barrels). The His‐tag is not shown. B) Homology model of a polymerized gp17.1 subunit taken from Langlois et al.[15](#anie201706060-bib-0015){ref-type="ref"} Secondary‐structure elements from (A) are mapped onto the model in corresponding colors. Elements and N and C termini are labeled.](ANIE-56-9497-g005){#anie201706060-fig-0005}

Upon polymerization, the gp17.1 protein becomes more structured, and the prospective β‐strands and α‐helices transform from a random‐coil structure into a stable globular fold (Figure S6). In our analysis, we can identify those different secondary structure elements, which are consistent with the proposed homology model (See Figure [5](#anie201706060-fig-0005){ref-type="fig"} B). Furthermore, we were able to find the formerly unknown β‐strands β6.2, β7, β8, and β9 in the C‐terminal domain. The secondary chemical‐shift analysis also indicates that the loop β2β3 stretches from residue 41 to 51 and is bordered by the two formerly unobserved β‐strands β2.2 and β3.1 in the polymerized form. It was reported that deletion of fragment 40--56, which contains β3.1, impairs gp17.1 self‐assembly. Moreover, it was shown that in the case of the T4 phage tail tube (another phage tail system), an N‐terminal extension to the β‐barrel forms an extended segment embracing the next monomer.[38](#anie201706060-bib-0038){ref-type="ref"} In the case of gp17.1, this extension seems to be located at the C terminus of the protein, where additional β‐strands were found. Thus, we propose that β3.1, β7, β8, and β9 mediate intermolecular interactions.

Second conformations (peak doubling) of more than two consecutive residues are found in β1, β2, β4, β5.2, and β6.1. Since the chemical‐shift differences between major and minor conformation (according to peak intensity) seem random and do not indicate a different secondary structure, these might result from slight structural disorder (Table S6). A future 3D structure of the entire gp17.1 tail‐tube assembly will give insight into their origin.

We expect that the application of the introduced approach to even larger or more heterogeneous systems would be possible, since the analysis after data acquisition turned out to be very straightforward for gp17.1. We note that our approach may also offer advantages for the study of complex materials such as bone[39](#anie201706060-bib-0039){ref-type="ref"} or RNA and RNA--protein complexes, which can be challenging for NMR analysis due to the presence of only four different building blocks.[40](#anie201706060-bib-0040){ref-type="ref"}, [41](#anie201706060-bib-0041){ref-type="ref"} We also envisage the application of similar experiments to the analysis of chemical‐shift anisotropy (CSA) tensors, where one additional dimension is needed for the CSA recoupling, and the CSA dimension requires large spectral widths.[42](#anie201706060-bib-0042){ref-type="ref"}
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